We demonstrate intense room temperature photoluminescence (PL) from optically active hydrogen-related defects incorporated into crystalline silicon. Hydrogen was incorporated into the device layer of a silicon on insulator (SOI) wafer by two methods: hydrogen plasma treatment and ion implantation. The room temperature PL spectra show two broad PL bands centered at 1300 and 1500 nm wavelengths: the first one relates to implanted defects while the other band mainly relates to the plasma treatment. Structural characterization reveals the presence of nanometric platelets and bubbles and we attribute different features of the emission spectrum to the presence of these different kind of defects. The emission is further enhanced by introducing defects into photonic crystal (PhC) nanocavities. Transmission electron microscopy analyses revealed that the isotropicity of plasma treatment causes the formation of a higher defects density around the whole cavity compared to the ion implantation technique, while ion implantation creates a lower density of defects embedded in the Si layer, resulting in a higher PL enhancement. These results further increase the understanding of the nature of optically active hydrogen defects and their relation with the observed photoluminescence, which will ultimately lead to the development of intense and tunable crystalline silicon light sources at room temperature.
Introduction
The aim of achieving higher data processing speeds and bandwidths is the driving force for the research and development of integrated photonic devices that use photons as data carriers. A single material platform is ultimately desired for the realization of such on-chip photonic components in order to provide a high integration density and to simplify fabrication complexity. Silicon is the natural material choice for this purpose due to its maturity and compatibility with microelectronic circuitry. Unfortunately, Si has poor light emission efficiency due to its indirect bandgap, which hampers the use of Si as a single material platform for photonic functionalities. A number of promising approaches have been taken in the past to enhance the Si emission [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Unfortunately, none of these combine all the features required from a practical on-chip light source, namely: room temperature operation, electrical injection, sub-bandgap emission, small size, high output power, spectral purity and tunability. Recently, we have demonstrated a Si nano light emitting diode (LED) that has all of the features listed above [12] , except for the high output power. This device is based on the introduction of optically active hydrogen defects in crystalline silicon and Purcell enhancement via a PhC cavity. To further enhance the emission and to bring it up to practical levels, it is necessary to better understand the nature of these defects and the role they play in the emission process, which is a topic of considerable debate [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In the present paper we provide a better understanding of the emission process and its origin by combining different analytical techniques (transmission electron microscopy, secondary ion mass spectrometry and photoluminescence). Moreover a detailed analysis of the kinds of defects and their contribution in creating the luminescence bands is presented.
Experimental
We used Silicon on insulator (SOI) samples from SOITEC, consisting of a 220 nm thick Si film on a 2 µm thick SiO 2 layer. The plasma treatments were performed by using a reactive ion etching system. The plasma power was fixed at 40 W and the treatment duration at 30 min. The chamber pressure was kept at 0.1 mbar and all treatments were carried out at room temperature. Two different gases were used, i.e. pure hydrogen and pure argon.
Hydrogen implantation was done by using a 400 kV HVEE Ion Implanter at an energy of 8 keV (which locates the implantation peak and corresponding defect band in the center of the Si layer) and with doses in the range 1x10 14 /cm 2 ) in order to produce an almost constant H profile across the entire Si layer and to increase the optically active defects density. In order to understand the thermal evolution of the structural defects and to correlate this evolution to their light emitting properties, both plasma treated and implanted SOI samples were annealed at different temperatures (in the range 300 -500 °C) for 30 min in a conventional furnace under a controlled forming gas (FG) atmosphere.
To observe the damage induced by H plasma or H implantation on SOI, we performed cross sectional (CS) transmission electron microscopy (TEM) measurements with a JEOL JEM 2010 instrument operating at an acceleration voltage of 200 kV. All CS TEM samples were prepared using standard mechanical grinding and ion milling.
The H atomic concentration was determined by secondary ion mass spectrometry (SIMS), employing a Cameca IMS7f microanalyzer. A beam of 15 keV Cs + ions was rastered over a surface area of 130 × 130 µm 2 and secondary ions were collected from the central part of the sputtered crater. Crater depths were measured with a Dektak 8 stylus profilometer, and a constant erosion rate was assumed when converting sputtering time to sample depth. Calibration of the H signal was performed using an implanted reference sample.
Luminescence measurements were performed in a confocal µPL setup where a 640 nm CW laser was focussed onto the sample with a high numerical aperture objective (NA = 0.8). The emitted light from the sample was collected by the same objective and filtered by a pinhole. The filtered light was then fed into a grating spectrometer with an InGaAs detector. Further details on the characterization methods can be found elsewhere [23, 24] .
L3 PhC cavities, that are known to have very high Q/V values, were fabricated on Silicon on Insulator (SOI) material using electron beam lithography and reactive ion etching with a CHF 3 /SF 6 gas mixture. The buried oxide layer underneath the photonic-crystal slab was selectively removed using diluted hydrofluoric acid to leave the photonic crystal section as a suspended silicon membrane. Several PhC nanocavities were fabricated with a lattice constant a varying between 340 and 420 nm and a normalized hole radius (r/a) of 0,285. The two holes adjacent to the cavity were reduced in size and displaced laterally to increase the quality factor of the cavity [25] . To obtain the maximum out-coupling efficiency in the vertical direction, we applied a far-field optimization technique, whereby alternating holes around the cavity are enlarged to form a second order grating. This folds back the k-vector components near the edge of the Brillouin zone, outside the light emission cone, into the centre, resulting in an increase of the vertical emission efficiency [26, 27] . We used an enlargement of 15 nm in hole radius to provide maximal vertical out-coupling efficiency.
Results and discussion
It is known that H plasma treated samples [13, 14] and H implanted samples [15, 16] show a low-temperature broad band luminescence characterized by two main peaks centred at about 1300 and 1450 nm. The damage associated with the incorporation of hydrogen in crystalline Si mainly consists of {100} and {111} platelets and nano-bubbles [17] [18] [19] [20] .
The relationship between the broad PL band observed in hydrogen-enriched samples and hydrogen-induced damage is controversial and it is not clear whether to ascribe the PL emission to the damage induced by the plasma treatment, to the creation of platelets, to the strain field associated with the defects or simply to the passivation provided by hydrogen [13, 16, 21, 22] .
Here we aim to better understand these issues with the goal of utilizing this approach to develop an efficient light source based on crystalline silicon.
Plasma treated SOI
In order to study the correlation between the role of the plasma species and the PL emission, we treated two different SOI samples with an Ar and H 2 plasma. In Fig. 1 the CS TEM images of the two samples are shown. The images were acquired in off-Bragg defocused bright field conditions in order to avoid the background strain contrast around each defect and to highlight the Fresnel contrast between the edge of the void itself and the surrounding crystalline Si matrix [17, 28, 29] . The TEM of Ar plasma treated SOI [ Fig. 1(a) ] reveals the presence of a damaged layer extending up to 30 nm below the surface where the defect population consists of platelets that are oriented along the {111} and (001) planes, with a mean diameter of ~10 nm. A different scenario is shown in the image of the H 2 plasma treated sample [ Fig. 1(b) ]. Indeed, the damaged region, extending up to ~40 nm below the surface, presents different defects: in the first 10 nm the damage consists of bubbles with a mean diameter of a few nm, while further down, a buried band of platelets is found. The thickness of the band is 30 nm, the mean diameter of platelets lying on (001) is 15 nm while the mean diameter of platelets lying on {111} is 10 nm. Energy filtered TEM (not shown) reveals that the 7 nm thick amorphous layer found on the top Si surface of the H plasma treated sample consists of a SiO x film. Since we observed the presence of this layer only on the surface of all the H treated samples and not on the Ar treated ones, we believe that it may be due to the hydrogenation treatment, as already speculated by Ghica et al. [20] . In order to correlate the structural and the optical properties, we carried out room temperature PL measurements of the samples. In Fig. 2 , the PL spectra of H-treated (red triangles), Ar-treated (green squares), and untreated SOI (blue circles) are shown. The PL spectra of the plasma treated samples show a broad band with two main peaks at ~1300 nm and at ~1500 nm, with the PL emission from H treated sample being more intense than the Ar-treated ones.
Moreover, the PL due to defects created by the H-plasma treatment was found to be stable, with only a moderate decrease in the emission observed over 6 months, while the PL from the Ar-treated samples completely disappears on the same timescale. The comparison reveals that the creation of defects alone is sufficient to obtain light emission in SOI substrates. However, their passivation by hydrogen enhances and stabilizes the light emission, since hydrogen removes non-radiative recombination centers. For this reason, we focus our attention only on the H-plasma treatment.
Since hydrogen has a key role in the defects passivation, we studied the thermal evolution of hydrogen treated samples by performing annealing in forming gas atmosphere in the temperature range 350 -500 °C for 30 min. In Fig. 3(a) , the TEM micrograph of a sample annealed at 350 °C is reported; the damaged layer is slightly reduced to ~30 nm while the band of nanobubbles stays constant at ~10 nm. This reduction of the damaged layer is due to the shrinking of the platelets band by ~10 nm. Indeed, the mean diameter of {111} platelets is reduced to 6 nm while the (001) platelets are completely dissolved. Finally, after a thermal treatment at 500 °C for 30 min, we observe a strong reduction of the damage depth and a dissolution of the platelets. This is in good agreement with previous reports [20] . In Fig. 4 , we show the corresponding depth profiles of hydrogen in the plasma treated samples measured by SIMS for not-annealed (black squares), 350 °C (red circles) and 500 °C (blue triangles) annealed samples. We note a high H accumulation near the surface with a long tail extending to a depth of 150 nm. The H peak close to the surface, seen at a depth of 7 nm (peak concentration of ~9.7x10 21 H/cm 3 ), is due to H agglomeration at the interface between the native SiO 2 and the Si layers. The H concentration at 10 nm below the surface, where the surface oxide can be neglected, is equal to 4.8x10 21 H/cm 3 in the as-treated sample. After annealing at 350 °C the H concentration peak is reduced to half its former value, i.e. to 2.6x10 21 H/cm 3 , while after annealing at 500 °C the H concentration peak is further reduced to 1x10 21 H/cm 3 . We note that the thermal annealing induces a partial H diffusion towards the surface; indeed the dose of incorporated H atoms decreases from 3.1x10 15 H/cm 2 in the H 2 astreated samples to 1.7x10 15 H/cm 2 after the annealing at 350 °C and to 3.1x10 14 H/cm 2 after annealing at 500 °C. Figure 5 shows the effect of forming gas annealing on the light emission properties. The broad PL signal is initially enhanced by a factor 1.5 with annealing at lower temperatures (350°C), but then it is almost completely quenched for annealing at 500 °C. The results obtained from the TEM, SIMS and PL analyses suggest that annealing in forming gas enhances H mobility with a double effect: from one side it promotes H evaporation from the surface but, at the same time, it increases the probability of decorating defects. At 350 °C the balance between the number of H atoms evaporated from the surface and the numbers of defects saturated by H is still positive with a consequent PL enhancement and a stabilization of platelets by the residual H in the Si layer. High temperature annealing not only results in the removal of defects, but also in the evaporation of hydrogen, since these two effects are strictly interconnected. 
H implanted SOI
We used ion implantation as a second approach to form structural defects and to incorporate hydrogen into SOI. We performed both single and multiple energy implantations. For the single implantation the energy was fixed at 8 keV in order to locate the implanted species in the center of the SOI device layer and the H fluence was varied from 1x10 14 15 H/cm 2 . All samples were treated in forming gas at different temperatures, ranging from 300 °C to 500 °C for 30 min, in order to find out the best annealing conditions required to maximize the PL emission.
The TEM image of a SOI sample implanted with 1x10 14 H/cm 2 and annealed at 300 °C [ Fig. 6(a) ] does not show any extended defects. When increasing the dose up to 5x10 15 H/cm 2 , however, a 65 nm wide defect band, located at 85 nm below the surface, becomes apparent, as shown in Fig. 6(b) . We observe extended defects consisting of (001) and {111} platelets with a mean diameter of 12 and 17 nm, respectively. The situation for the same implantation dose but for the higher annealing temperature of 500° C changes similarly as for the plasma samples [ Fig. 6(c) ]; the defect band is reduced to less than 40 nm extent and we observe a complete dissolution of the {111} platelets, while the mean diameter of the (001) platelets reduces to ~12 nm. For the multiple implanted samples reported in Fig. 6(d) , the defect band increases, as expected, to more than 100 nm. The defect population then mainly consists of {111} platelets with a mean diameter of ~20 nm. The SIMS profiles of SOI samples implanted with 5x10 15 H/cm 2 and annealed at 300 °C (red line and squares) and at 500 °C (blue line and circles) for 30 min are shown in Fig. 7 . In agreement with the TEM observation, the H peak is at 110 nm below the surface with a concentration of 5x10 20 H/cm 3 for the 300 °C annealed sample, while the peak concentration reduces to 2.9x10 20 H/cm 3 after the annealing at 500 °C. The H integral dose following the 300 °C annealing is reduced to 2.8x10 15 H/cm 2 due to H out-diffusion from the surface. Moreover, the H dose retained in correspondence of the defect band (between 85 and 150 nm below the surface) is equal to 2.2x10 15 H/cm 2 and corresponds to ~85% of the total H dose, while the remaining 15% is retained in the region of Si unrelated to extended defect detected by TEM. After annealing at 500 °C, the H integral dose reduces further to 2.6x10 14 H/cm 2 and the H dose trapped into defects is 1x10 14 H/cm 2 , corresponding to ~40 at.% of the total H dose incorporated into the Si layer. We note that these results follow the same trend as those of the plasma -treated samples shown in Fig. 4 .
By comparing TEM and SIMS results obtained from both H-plasma treated and Himplanted samples, we can observe that H accumulates in correspondence to the damage. Moreover, during the thermal treatment, the thickness of the region enriched with platelets shrinks, while the H incorporated into the Si matrix progressively redistributes in the material and evaporates from the free surface. This evidence allows us to confirm that both platelets and bubbles are stabilised by H, forming Si-H bonds with the dangling bonds of Si atoms in the internal walls of each cavity and H 2 gas bubbles inside the cavity itself [21, 30] . All the as-implanted SOI samples do not exhibit PL, demonstrating that the thermal treatment is essential for activating the defects formed by ion implantation. The PL spectra of H implanted samples after 300 °C annealing are shown in Fig. 8 . We note the absence of any PL in the sample implanted at the lowest dose (1x10 14 H/cm 2 , light blue line), while the sample implanted with 5x10 15 H/cm 2 presents an intense peak at 1300 nm and a shoulder at 1500 nm (black line). Finally, we note an enhancement of PL intensity by 50% for the multiple H implanted sample, corresponding to the increase of H implanted dose. In the same figure we also show the PL spectrum of the SOI sample implanted at 5x10 15 H/cm 2 after annealing at higher temperatures (500 °C, blue line), where we observe a complete suppression of the emission. In summary, the PL analyses together with the corresponding TEM micrographs give a clear evidence of the strong correlation between the PL intensity and the number of H induced defects; indeed we achieved the highest PL emission from the multiple H implanted sample where the number of defects was maximized, as shown in Fig.  6(d) . In detail, considering that whenever the {111} platelets are dissolved the PL signal decreases, we might argue that the PL activity is mainly correlated with the presence of this kind of defects. Fig. 8 . Photoluminescence spectra of SOI samples implanted with a dose of 1x10 14 H/cm 2 at 8 keV and annealed at 300 °C (light blue line), a dose of 5x10 15 H/cm 2 and annealed at 300 °C (black line) and 500 °C (blue line). The PL spectrum of the SOI sample after multiple H implants and annealed at 300 °C is also reported (red line).
Conversely, a complete quenching of the PL, as shown in Fig. 8 , is observed for samples annealed at 500 °C. The corresponding TEM images, shown in Figs. 6(a) and 6(c), highlight that the photoactive defects have almost been completely annealed out.
PL from PhC nanocavities
On the basis of all the results presented above, we can conclude that H-plasma treated SOI samples show the highest PL emission after a 350 °C annealing, while in H implanted SOI maximum PL is achieved after a 300 °C treatment. Moreover, in implanted SOI the PL band at 1300 nm is dominant, being about 4-times more intense with respect to the PL intensity than the corresponding band in the H-plasma treated SOI. This sub-bandgap optical emission, obtained after a proper material processing, can be further enhanced by inserting the optically active defects in the active region of a PhC nanocavity, following the same procedure described in [12] . For this purpose, hydrogen defects were incorporated into the L3 PhC nanocavity by both hydrogen plasma treatment and ion implantation. The cavities were designed to have their fundamental mode in the range between 1250 and 1600 nm, in order to exploit the whole subbandgap optical emission band. Figure 9 shows an SEM image of one of the fabricated L3 PhC cavities.
The room temperature PL spectra of both H-plasma treated and implanted cavities are shown in Figs. 10(a) and 10(b) , respectively. In both graphs, the most intense peaks are the fundamental cavity modes, as expected. The cavity modes shift towards higher wavelengths by increasing the lattice constant and their intensities approximately follow the shape of the background sub-bandgap emission. The strong PL enhancement shown by the nanocavities (about a factor 300 in the best case) is explained by the concurring effect of two mechanisms: (i) the enhancement of the extraction efficiency due to the coupling of the Si PhC slab to radiative modes, (ii) and the Purcell effect acting on the emitting centers coupled to the cavity modes [23] . Measurements performed at low temperatures (data not shown) show an overall increase of both cavity modes and background. Moreover, similarly to what reported in references [23, 24, 31] , the background PL shows a stronger suppression with increasing temperature than the PL of cavity modes, and therefore the peak-to-background ratio monotonically increases with increasing temperature. This is a consequence of the Purcell effect, as demonstrated in ref [31] . Maximum PL intensity is observed in the PhC nanocavity fabricated in plasma-treated SOI, having a lattice constant of 400 nm (and a corresponding resonance wavelength peaked around 1450 nm). In this structure we measure a maximum power spectral density of nearly 15 pW/nm [12] . We surprisingly found that the PL of cavity modes around 1300 nm in implanted cavities is less intense than that of the plasma treated ones, contrary to what is observed in bare SOI, where the 1300 nm PL band from Himplanted SOI is more intense. This unexpected result can be explained by considering the location of the structural defects formed inside the PhC. Cross sectional TEM performed on PhC cavities, shown in Fig. 11 , allowed us to explain this unexpected result. Indeed, the weak beam dark field CS TEM (g = 400, g, 2g) of H 2 plasma treated PhC cavity reported in Fig. 11(a) shows that the isotropicity of plasma treatment induces the formation of a higher defects density close to the surface around the cavity (both on the horizontal surface and along the vertical holes sidewalls). Conversely, the bright field TEM of the implanted PhC cavity, shown in Fig.  11(b) , puts in evidence that ion implantation, owing to the unidirectionality of the ion beam, creates defects only in the centre of the Si layer. Given the large surface area of the photonic crystal, the plasma treatment therefore creates more defects in the structured SOI, even though the local density may be lower, and therefore the luminescence obtained from plasma treated PhC is enhanced with respect to the implanted one. In addition, the Purcell enhancement depends on the spatial overlap between the distributions of the dipoles and the electromagnetic field. In particular, since the electromagnetic confinement of the fundamental cavity mode is maximum in the middle of the silicon slab, we would expect higher Purcell enhancement for emitting defects spatially located around the middle of Si slab, and therefore in H-implanted cavities (provided that the quality factor is the same). The fact that we observe the opposite result experimentally (higher PL in plasma cavities) is a clue that the higher surface-to-volume ratio and/or a larger density of defects in the plasma-treated sample is the most important mechanisms. Moreover, the fundamental role of surface-to-volume ratio is further confirmed by the comparison between the PL observed in plasma-treated samples when the treatment is made before PhC fabrication with that obtained when the plasma treatment is made after the PhC fabrication [32] . In the two cases the only difference is the surface exposed to the treatment, that is higher when the treatment is done after the PhC fabrication. In fact a much stronger PL enhancement of the cavity mode is observed, although the broadband PL in unpatterned SOI is the same in both samples. This difference in the observed PL enhancement highlights the importance of the exposed surface area and demonstrate that the observed PL enhancement is mainly a surface effect.
Conclusions
In conclusion, the engineering of H induced defects formed by both plasma treatment and H implantation has been exploited in order to obtain light emission from crystalline Si. By comparing the structural and optical properties of H 2 and Ar plasma treated SOI, we clearly demonstrate that the luminescence is strictly correlated with the damage produced by the treatment. In addition, we demonstrated the advantage of using H since its passivating role reduces the non-radiative recombination. Moreover, we compared the structural and optical properties of the H 2 plasma treated and H implanted materials, demonstrating that, while ion implantation is the best method to enhance light emission in bare SOI, H 2 plasma treatment is well suited to enhance the PL from PhC cavities. Indeed, in the PhC cavity the surface/volume ratio is strongly increased with respect to a Si bulk thanks to its peculiar geometrical structure and this aspect in combination with the isotropicity of plasma allows to enhance the number of optically active defects.
These findings open the route towards the realization of monolithic silicon light sources for photonics applications.
